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Crystal Structure of a Bulged RNA
Tetraplex at 1.1 A˚ Resolution: Implications
for a Novel Binding Site in RNA Tetraplex
structures demonstrate the features of bulged nucleo-
tides in RNA duplexes and their effects in helical struc-
tures.
Consecutive guanines are usually interrupted by py-
rimidines in biological systems, such as GUGG and
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176 West 19th Avenue GCGG in 5S rRNA (Szymanski, et al., 2002), IGF quartet
in FBS (Schaeffer et al., 2001), Simian virus (SV)40 repeatColumbus, Ohio
2 Department of Molecular Biophysics sequence d(GGGCGG) (Gralla et al., 1987; Oppenheim
et al., 1992), and Saccharomyces cerevisiae telomereand Biochemistry
Yale University repeat d(GGGT) (Zakian, 1989). These fragments may
play an important role in biological processes. For in-New Haven, Connecticut
stance, the auxiliary downstream element in SV40 liter
pre-mRNA r(GGGGGAGGUGUGGG) (Bagga et al., 1995)
is bound by hnRNA H/H protein, and their interactionSummary
may stimulate the polyadenylation of SV40 liter pre-
mRNA (Bagga et al., 1998). Four consecutive guaninesBulges are an important structural motif in RNA and
can form guanine tetraplex in both solution (Kim et al.,can be used as recognition and interaction sites in
1991; Cheong and Moore, 1992) and crystalline stateRNA-protein interaction and RNA-RNA interaction.
(Laughlan et al., 1994; Phillips, et al., 1997; Deng et al.,Here we report the first crystal structure of a bulged
2001a). Because pyrimidines are smaller than purinesRNA tetraplex at 1.1 A˚ resolution. The hexamer r(U)(BrdG)
in size, it is important to find out how purine tetraplexesr(UGGU) forms a parallel tetraplex with the uridine
adjust their conformation to accommodate pyrimdinessandwiched by guanines bulging out. The bulged uri-
and what conformation the pyrimidines may adopt. Thisdine adopts the syn glycosidic conformation and its O2
structural information is essential in figuring out the bio-and N3 atoms face outwards, serving as an effective
logical roles of these pyrimidines in cellular processes.recognition and interaction site. The bulge formation
NMR studies show that the thymine in the center of theboth widens the groove width and changes the groove
Saccharomyces cerevisiae telomere repeat sequencehydrogen-bonding pattern on its 5 side. However, the
d(TGGTGGC) adopts the thymine tetrad (Patel and Ho-bulge does not make any bends or kinks in the tet-
sur, 1999) and the cytosine in (SV)40 repeat sequenceraplex structure. The present study demonstrates the
d(TGGGCGGT) adopts the cytosine tetrad (Patel et al.,dramatic difference between uridine and guanine in
2000). Up till now there have been no crystallographicforming tetraplex structure. In addition, both G(syn)
reports on RNA guanine-rich sequences that are inter-tetrad and G(anti) tetrad have been observed. They
rupted by pyrimidines. To investigate the influence ofdisplay the same base-pairing pattern and similar C1-
the substitution of a pyrimidine in consecutive guanines,C1 distance but different hydrogen-bonding patterns
the DNA/RNA chimerical hexamer r(U)(BrdG)r(UGGU) hasin the groove.
been crystallized and the structure has been determined
at a high resolution of 1.1 A˚ (where BrdG is 8-bromodeox-
Introduction yriboguanine). The present study shows that the uridine
in (GUGG) adopts the looped-out bulge conformation
RNA molecules display many various structural motifs, without disrupting the global conformation of the gua-
such as bulges, hairpin loops, and ribose zippers (Moore, nine tetraplex. The bulged uridine stands out of the groove
1999). Base bulges usually result from one or more un- and provides a potential recognition and interaction site
paired nucleotides in one strand of a duplex. Their con- in RNA tetraplex.
formations depend on the base entity and the surrounding
base pairs, and they can present specific structural fea-
tures for protein interaction and serve as an important Results and Discussion
architectural and recognition motif (Hermann and Patel,
2000). Bulges have been shown to participate in numer- Overall Conformation
ous biological functions, including protein-RNA recogni- The hexamer r(U)(BrdG)r(UGGU) crystallized in the tetrag-
tion (Wu and Uhlenbeck, 1987; Dingwall et al., 1990), onal space group P4212 with one strand in the asymme-
the self-splicing of group II intron and nuclear pre-mRNA try unit. This strand and three symmetry-related strands
(Sharp, 1987), and folding of large RNA molecules (Woese form a parallel tetraplex that packed coaxially along the
and Gutell, 1989). Recently, there have been many crys- c axis (Figure 1). The crystal packing adopts the head-
tallographic reports on the conformations of bulges in to-tail (3 end to 5 end) pattern. This packing is different
RNA duplexes (Ippolito and Steitz, 1998, 2000; Ennifar from the head-to-head or tail-to-tail (5 end to 5 end,
et al., 1999; Hung et al., 2000; Xiong and Sundaralingam, or 3 end to 3 end) pattern for all the parallel tetraplexes
2000; Xiong et al., 2001; Berglund et al., 2001). These observed so far (Laughlan et al., 1994; Phillips et al.,
1997; Deng et al., 2001a; Parkinson et al., 2002; Pan et
al., 2003a, 2003b). U3 swings out of the tetraplex to form*Correspondence: sundaral@chemistry.ohio-state.edu
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Figure 1. Molecular Structure of the Present Structure
(A) A stereoview of the independent strand in the asymmetric unit, superposed with electron density map |2Fo-Fc| at 1  contour, shows that
U3 loops out of the tetraplex.
(B) A stereoview of the present structure showing the head-to-tail crystal packing and interaction with K ions (in spheres).
a looped-out bulge, instead of a uridine tetrad (U tetrad) However, the twist angles show great difference. Even
though the twist angle between G4 tetrad and G5 tetrad(Cheong and Moore, 1992) as might be expected from
the similar DNA sequences in solution (Patel and Hosur, (31) is close to the average value for RNA tetraplex
(Deng et al., 2001a), the twist angle between guanine1999; Patel et al., 2000). The 3 end uridines form a U
tetrad while the 5 end uridine base is disordered and tetrads on both sides of the bulge is very low (12). A
negative twist angle (38) is observed for G5 tetradcould not be located in the present structure. All the
guanines form guanine tetrads. Table 1 lists the back- and U6 tetrad, which may result from the unusual g
conformation of  in G5 and the trans conformation ofbone torsion angles, glycosidic conformations, and
sugar puckers for the present structure, together with  in U6 (Table 1).
the values for canonical A-RNA duplexes for comparison
(Saenger, 1984). G2 and U3 adopt the syn glycosidic U(syn) Bulge Is a Recognition Site
The bulged uridine in each strand of the tetraplex adoptsconformation, while G4, G5, U6 adopt the anti conforma-
tion. All the three guanines adopt the C3-endo sugar the looped-out conformation and stands above the
groove (Figures 2A and 2B). Comparison of the torsionpucker and U3 adopts the C4-exo and U6 adopts the
C2-endo sugar pucker. angles in the thymine tetrad and the cytosine tetrad in
DNA tetraplexes (Patel and Hosur, 1999; Patel et al.,The bulged tetraplex shows a straight helical axis
without any bends or kinks. All the base tetrads in the 2000) indicates that the bulge conformation may be re-
lated to the change of the torsion angle  from g topresent structure have the same helical rise of 3.4 A˚.
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Table 1. Torsion Angles () of r(U)(BrdG)r(UGGU) and the T Tetrad and C Tetrad
Torsion Angles of r(U)(BrdG)r(UGGU)
 	  
   
Pa PuckerP-O5 O5-C5 C5-C4 C4-C3 C3-O3 O3-P C1-N
G2 165 94 118 67 83 31 C3-endo
U3 62 162 176 83 179 169 65 42 C4-exo
G4 73 164 49 86 121 79 170 2 C3-endo
G5 69 165 43 80 158 65 151 22 C3-endo
U6 165 140 49 131 — — 134 150 C2-endo
A-RNA 68 178 54 82 153 71 158 18 C3-endo
Comparison of Torsion Angles for Pyrimidine Bulge and Pyrimidine Tetrads in Tetraplexes
 	  
   
ReferencesP-O5 O5-C5 C5-C4 C4-C3 C3-O3 O3-P C1-N
U bulge 62 162 176 83 179 169 65 present study
T tetrad 54 176 61 118 173 107 123 Patel et al. (1999)
C tetrad 76 171 52 84 174 119 128 Patel et al. (2000)
a P is the pseudorotation phase angle.
trans and  from the value close to g to trans (Table 1). interactions with environment (see below). In other words,
interactions of base atoms with environment can com-The bulge does not abut into the groove of an adjacent
tetraplex, which may result from the restraints of tet- pensate for instability in the syn conformation and thus
change the preference for the glycosidic conformationraplex backbone conformation. Therefore, the base
atoms of the bulge cannot directly interact with the func- of pyrimidines from anti to syn.
A careful study of the pyrimidine bulges in RNA crystaltional groups in the groove but only by mediation of
water molecules (Table 2). The interactions involving structures shows that the looped-out bulges can adopt
two different conformations. They may sit in the groovewith the 2-hydroxyl group and the phosphate group
greatly stabilize the bulge conformation. The bulged of their own duplex to form base triplets inside the
groove (Cate et al., 1996; Xiong et al., 2001; Deng et al.,base has good overlap with a uridine bulge from an
adjacent tetraplex (Figure 2C). However, the present 2001b) or stand out of the groove of their own duplex
to interact with symmetry-related duplexes and waterbulge conformation does not require metal ions to stabi-
lize. Further investigation of the structure points out that molecules (Cate et al., 1996; Ippolito and Steitz, 1998,
2000; Hung et al., 2000; Xiong et al., 2001; Deng et al.,lack of metal ions in the bulge conformation may be
related to the intrastranded phosphate-phosphate dis- 2001b). These two conformations have different effects
in recognition and interaction. In the “sitting-in” confor-tance. The intrastranded phosphate-phosphate dis-
tance on two sides of the present bulge is 7.0 A˚, similar mation, the bulges cannot be recognized or interacted
with because they are “hidden” inside the duplex withto the values in the corresponding position in RNA tet-
raplex r(UGGGGU) (Cheong and Moore, 1992; Deng et their Watson-Crick edge facing inwards. By comparison,
the bulges in the “standing-out” conformation can beal., 2001a). Thus, formation of the bulge in the present
RNA tetraplex does not shorten the distance between recognized and interacted with effectively because they
stand out of their own groove with their Watson-Crickthe adjacent negatively charged phosphate groups and
does not create a preferred binding pocket for metal edge facing outwards and the hydrogen bond donors
and acceptors are readily accessible for interaction. Inions.
The anti glycosidic conformation is favored for pyrimi- the present structure, the uridine bulge adopts the
standing-out conformation with its Watson-Crick edgedines because of the steric hindrance of O2 in the syn
conformation (Haschemeyer and Rich, 1967; Kollman et facing outward (Figure 2B). It is clear from the figure
that in order to expose the Watson-Crick edge for inter-al., 1982). Structural studies showed that nucleoside
pyrimidines might adopt the syn glycosidic conforma- action the uridine bulge has to adopt the syn glycosidic
conformation. In the present structure, O2, N3, and O4tion with some modifications that disfavor the anti con-
formation, such as in 6-methyluridine (Schweizer et al., of uridine have a vast amount of interactions with water
molecules (Table 2). These interactions may compen-1971; Suck et al., 1972) and 6-cyanouridine (Yamagata,
et al., 1983). Pyrimidines have also been observed in the sate for the energy lost by the syn glycosidic conforma-
tion. Therefore, the uridine bulge in the present structuresyn conformation in the nonalternating Z-DNA crystal
structures (Wang et al., 1985; Schroth et al., 1993) due is an active site for recognition and interaction in RNA
tetraplex.to the geometric constraints of the inherent anti-syn
alternating pattern in glycosidic conformation in Z-DNA
helix. These results indicate that the glycosidic confor- G(syn) Tetrad and G(anti) Tetrads
BrdG2 adopts the syn glycosidic conformation and ismations of pyrimidines can be changed by geometric
effect. The present structure shows that urdine adopts involved in the G(syn) tetrad conformation with two cy-
clic hydrogen bonds, N1…O6 (2.9 A˚) and N2…N7 (3.0 A˚)the syn glycosidic conformation with C4-exo sugar
pucker in RNA tetraplex because of its suitability in the (Figure 3A). A K ion and four water molecules are asso-
Structure
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Table 2. Interactions Involved with Bulged Uridine U3
Bulge Atoms (A˚)a RNA or Water (A˚)a RNA
O2 3.2 W103 2.9 O1P(G4)
O2 3.2 W103 2.7 O1P(U3)b
N3 2.9 O4 (G3)b
N3 3.0 O5 (G3)b
N3 3.3 W113 3.1 O2P (G3)b
N3 3.4 W102 2.7 O2 (G5)b
O4 3.1 W105 2.9 N3 (G4)b
O4 3.1 W105 2.7 O2 (G4)b
O4 3.1 W105 3.3 O4 (U3)b
O4 2.8 W104 3.1 N2 (G2)b
O4 2.8 W104 2.9 O2P (U3)b
O4 3.1 W108
O2 2.8 O2P (G4)
O2 2.9 N2 (G4)b
O2 3.0 N3 (G5)b
a The numbers are for the distance between the two atoms on both
sides.
b Indicates symmetry-related molecules.
tetrad respectively interacts with the 2-hydroxyl group
of U3 (2.9 A˚) and O2P of G4 (3.1 A˚) in the adjacent strand
of the same tetraplex. Both these interactions stabilize
the conformation of the uridine bulge. G2(syn) tetrad
and G4(anti) tetrad stack well at a low twist angle of
12 with their five-member rings overlapping, compared
with the stack of G4(anti) tetrad and G5(anti) tetrad at
a twist angle of 31 with only some overlapping of six-
member ring and five-member ring.
Guanine may adopt the syn glycosidic conformation in
anti-parallel tetraplexes, forming G(anti)-G(syn)-G(anti)-
G(syn) tetrad (Kang et al., 1992) or G(syn)-G(syn)-G(anti)-
G(anti) tetrad (Haider et al., 2002). But guanine usually
adopts the anti glycosidic conformation in parallel tet-
raplexes (Laughlan et al., 1994; Phillips et al., 1997; Deng
et al., 2001a; Parkinson, et al., 2002; Pan et al., 2003a,
2003b). Theoretical investigation indicates that the anti
glycosidic conformation is favored over the syn confor-
mation in parallel-stranded tetraplexes (Mohanty and
Bansal, 1993), which even overwhelms the preference
for the syn conformation by bromination of guanosine
(Pan et al., 2003b). This is the first observation of G(syn)
in parallel tetraplexes. The syn conformation of the gua-
nine seems to be related to the formation of the bulge
in its 3 side uridine, which is comparable with the G(syn)
in the bulged RNA duplexes (Ippolito and Steitz, 2000;
Hung et al., 2000).
Figure 2. Bulge Conformation and Its Interactions in the Present Both G(syn)- and G(anti) tetrads display the same
Structure
base-pairing pattern and similar C1-C1 distances (11.6
(A) The bulged uridine nucleotide adopts the syn glycosidic confor-
versus 11.5 A˚) between neighboring guanines in themation, superposed with electron density map |2Fo-Fc| at 1 
base tetrads. But the angles of the glycosyl bond relativecontour.
to the C1-C1 vector, namely 1 and 2, are reverse:(B) The backbone ribbon diagram indicates that the bulge stands
out from the groove, with its functional groups exposing outside. 62 and 31 for G(syn) and 28 and 64 for G(anti). Accord-
The dotted lines indicate the groove widths on both sides of the ingly, the hydrogen-bonding patterns in the groove are
bulge. reverse. The hydrogen-bonding pattern is N3 (acceptor)-
(C) Interactions of the bulge. The balls represent water molecules
N2(donor) in G(syn) tetrad but N2(donor)-N3(acceptor)and the dotted lines represent hydrogen bonds.
in G(anti) (Figures 3A and 3B). Furthermore, N3 in G(syn)
is already involved in the C3-H…N3 interaction and thus
is not favorable for further interactions, as indicated byciated with the base tetrad formation. The syn conforma-
tion is further stabilized by a C-H…N contact between the fact that N3 is hydrated with water molecules in
G(anti) but not in G(syn). The different hydrogen-bondingC3…N3 (3.3 A˚). Both G4 and G5 form the usual G(anti)
tetrad conformation (Figure 3B). N2 in G4 tetrad and G5 pattern of G(syn) in the groove may be necessary for
Crystal Structure of a Bulged RNA Tetraplex
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the specific binding of proteins in the groove, similar
to the adenine tetrad in guanine tetraplex (Pan et al.,
2003a).
U Tetrad
The 3 end uridines are stacked inside the tetraplex and
form a buckled U tetrad, similar to the observation in
NMR (Cheong and Moore, 1992) and crystal structures
(Deng et al., 2001a; Pan et al., 2003a, 2003b). A cyclic
hydrogen bond is formed between N3…O4 (2.8 A˚). A
water molecule bridges O2 and O1P of the adjacent
uridine: O2 …W (3.1 A˚) … O1P (2.6 A˚) (Figure 3C). The
tetrad plane is tilted about 20 toward the K due to the
interaction between O4 and K (2.8 A˚). The diagonal
C1-C1 distance is 10.0 A˚, much less than 11.6 A˚ for
the average C1-C1 distance for the G tetrads in the
present structure. This result implies that terminal resi-
dues are less restrained than internal residues so that
pyrimidines can form base tetrads at the end of a tet-
raplex but form bulges when they are in the interior of
a tetraplex.
Metal Ion Binding and Hydration
There are three K ions and 30 water molecules in the
present structures. All the three K ions are located in
the 4-fold symmetry axis of the tetraplex and between
every tetrad plane (Figure 1B). The K ions interact with
O6(G) and O4(U6), with the average distance of 2.8 A˚
for both guanines and the 3 end uridine. The three K
ions are equally separated at the distance of 3.4 A˚. All
these behaviors of K ions are similar to those of Na
ions in rU(BrdG)r(AGGU) (Pan et al., 2003b).
Water molecules located in the present structure are
mostly used to hydrate the phosphate groups and the
bulged uridine. Of the 30 water molecules in the present
structure, 16 are used in hydration of phosphate groups
and 6 are associated with the bulge. In contrast, the
groove is not highly hydrated, with only four water mole-
cules in a groove. Water bridges are observed between
adjacent phosphate groups, including those that are on
both sides of the bulged uridine. An anionic oxygen
atom may be hydrated as many as three water mole-
cules. Also, a water bridge is observed in the G(syn)
tetrad: O2P (U3) … W(2.9 A˚) … N2 (G2) (3.1 A˚) (Figure
3A). Hence, water molecules play an important role in
stabilizing the conformation of the present tetraplex
containing a bulge.
Experimental Procedures
Synthesis and Crystallization
The DNA/RNA chimera r(U)(BrdG)r(UGGU) was synthesized by the
phosphoramidite method using an Applied Biosystem DNA synthe-
sizer 391. The sample was incubated in the solution of 3:1 (v/v)
mixture of ammonia:ethanol at room temperature for 24 hr for the
oligonucleotide to be cleaved from the solid support. The solution
was lyophilized to dryness and then incubated in the solution of 3:1
(v/v) mixture of triethylamine tris(hydrofluoride):N,N-dimethylforma-
mide at 55C for 3 hr to deprotect the 2-hydroxyl groups. The sampleFigure 3. Base Pairings in the Present Structure
was purified by ion-exchange chromatography. Crystallization was
(A) BrdG(syn) tetrad; K ion is shown as big spheres and water mole- carried out using the hanging drop vapor diffusion method at room
cules as small spheres. Hydrogen bonds are shown in dotted lines. temperature. The best crystals were obtained in a droplet containing
(B) G(anti) tetrad; (C) U tetrad. 2 l of 40 mM sodium cacodylate buffer (pH 6.0), 12 mM spermine
tetrahydrochloride, 80 mM KCl, 10%(v/v) methy-2,4-pentanediol
(MPD), and 4 l of 50 mM KCl and 8 l of H2O against 10% MPD
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Table 3. Data and Statistics
Crystal Data
Inflection Peak Remote
Wavelength (A˚) 0.9208 0.9203 0.8985
Space Group P4212
Cell Constants A  b  35.01 A˚, c  22.26 A˚
V/base pair (A˚3) 1136 (one strand in asymmetric unit)
Resolution 1.10 A˚ 1.10 A˚ 1.10 A˚
Total reflections 183,690 194,476 206,863
Unique Reflections 9,995a 10,000a 10,280a
Completeness (%) 92.6(62.6)b 92.7(62.7) 95.3 (71.9)
I/ 23
Redundancy 20
Rsym (%) 4.3 (13.1) 4.4(13.0) 3.7(8.8)
MAD Phasing Statistics
Phasing statistics at 2.0 A˚ resolution
Phasing power
Isomorphous centric 0.59
Isomorphous acentric 0.68
Figure of merit
Before density modification 0.73
After density modification 0.87
Refinement Statistics
Resolution range used (A˚) 20.0–1.1
No. of reflections used (2(F)) 5382
Rwork/Rfree(%) 12.7/13.6
Final model
Nucleic acid atoms 111
K 3
Water molecules 30
Rmsd bonds (A˚) 0.010
Rmsd angles () 1.6
a Friedel pairs unmerged.
b The numbers in bracket are for the highest resolution data shell (1.14–1.10 A˚).
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